We demonstrate here that spontaneous intercellular the adult mammalian neocortex, the embryonic cortical calcium waves propagate through radial glial cells in the environment is conducive to growth and reorganization embryonic VZ. These waves, which can also occur in and is characterized by high rates of new neuron producresponse to electrical or mechanical stimulation, are tion. The specific mechanisms underlying this unique promediated by extracellular ATP and involve the release liferative period are not fully understood. Interestingly, of calcium from IP 3 -sensitive intracellular stores. Sponhowever, there is a transient population of dividing radial taneous calcium waves appear to be initiated by the glial cells present during the embryonic period of neuroopening of radial glial connexin hemichannels in a cell genesis (Rakic, 2003) . Although previously believed to cycle-specific manner. Furthermore, the waves become play a structural role in guiding neuronal migration, radial most robust during the peak of neuronal production in glial cells have recently been shown to also function as the VZ, and we show that disrupting the calcium wave neuronal progenitor cells (Malatesta et al
Introduction whether calcium dynamics might contribute to functional signaling mechanisms in radial glial cells.
Although neuronal production does not readily occur in
We demonstrate here that spontaneous intercellular the adult mammalian neocortex, the embryonic cortical calcium waves propagate through radial glial cells in the environment is conducive to growth and reorganization embryonic VZ. These waves, which can also occur in and is characterized by high rates of new neuron producresponse to electrical or mechanical stimulation, are tion. The specific mechanisms underlying this unique promediated by extracellular ATP and involve the release liferative period are not fully understood. Interestingly, of calcium from IP 3 -sensitive intracellular stores. Sponhowever, there is a transient population of dividing radial taneous calcium waves appear to be initiated by the glial cells present during the embryonic period of neuroopening of radial glial connexin hemichannels in a cell genesis (Rakic, 2003) . Although previously believed to cycle-specific manner. Furthermore, the waves become play a structural role in guiding neuronal migration, radial most robust during the peak of neuronal production in glial cells have recently been shown to also function as the VZ, and we show that disrupting the calcium wave neuronal progenitor cells (Malatesta et These data suggest that VZ waves are mediated by a VZ, from medial to lateral and rostral to caudal.
diffusible signal. We next tested whether the propagaWe next tested whether the calcium waves could be tion of stimulated VZ waves requires functional gap juncreproduced consistently using electrical or mechanical tions and found that standard techniques used to close stimulation and found that, in regular ACSF, brief stimugap junctions-acidification (pH 6.5), carbenoxolone lation applied focally in the MZ led to a robust intercellu-(100 M . In our stimulated waves were also restricted to cells within the system, we could address the initiation mechanism by VZ; most cell bodies in the overlying IZ or CP did not comparing the stimulated and the spontaneous waves, exhibit detectable calcium increases (see, for example, since stimulated waves appear to recapitulate spontaSupplemental Figure S1E ). However, calcium signals neous waves while bypassing the spontaneous initiation could sometimes be seen in thin radial fibers emanating event. We therefore tested whether spontaneous waves from VZ cells and coursing through the IZ toward the occur in the presence of connexin hemichannel inhibipia (Supplemental Figures S1E and S1F ). In summary, tors. We found that spontaneous waves were effectively calcium waves propagate spontaneously among VZ abolished in the presence of carbenoxolone (100 M; cells and can be reproduced by using a brief pulse of Figure 2A ; cells within the VZ loaded with dye during the incubation receptors (100 M MCPG; wave amplitude: 89.5% Ϯ 10.6% of control, p Ͼ 0.5; n ϭ 2 slices), or adenosine period ( Figure 2B ). Dye uptake was blocked by methods receptors (10 M CPT and 2 M DMPX). known to gate connexin hemichannels, namely with conIn contrast, the presence of adenosine-5Ј-triphosnexin-specific inhibitors or increases in extracellular calphate (ATP) receptor antagonists affected the stimucium levels, suggesting that dye uptake was mediated lated waves dramatically ( Figures 3B-3D ). The nonselecby hemichannels and that connexin hemichannels are tive ATP receptor antagonist suramin (100 M) and the present in VZ cells (Figure 2A; Figure 3E ). This indicated that, in addition to bicuculline, 20 M; strychnine, 30 M) slightly attenumediating electrically or mechanically stimulated calated but did not block the waves ( Figure 3A , wave amplicium waves, ATP receptors were crucial for the initiation tude: 86.4% Ϯ 4.4% of control, p Ͻ 0.05; distance: or propagation of the spontaneous calcium waves as 68.1% Ϯ 6.9% of control, p Ͻ 0.05; n ϭ 5). In addition, well. Importantly, while ATP receptor antagonists abolthe waves were not affected by the sodium channel ished coordinated wave activity, random calcium tranblocker tetrodotoxin (TTX, 1 M, Figure 3A; with a fluorescent Alexa derivative dye (1.14 kd) that our observation that calcium increases also occur in was contained in the pipette solution ( Figure 5C ). This radial fibers, suggests that radial glia may be involved dye does not readily pass through gap junctions and in the calcium waves. Furthermore, radial glial cells are allowed us to selectively visualize the morphology of known to express connexin channels (Bittman et al., the stimulated cell. We found that the majority of the VZ 1997; Nadarajah et al., 1997; Bittman and LoTurco, cells displaying calcium increases in response to ATP 1999), which appear to be involved in VZ wave initiation.
To address directly the involvement of radial glia, we had radial glial morphology (67%). Figure 5 illustrates Figure 6A ). The demonstrated need for IP 3 -mediated calcium reCa-free wave amplitude: 122.7% Ϯ 27.1% of control, p Ͼ 0.5; n ϭ 2 slices), indicating that extracellular callease in VZ waves implicates the PLC pathway as a part of their underlying mechanism. We therefore tested the cium influx is not required for wave propagation. To test whether intracellular calcium is required, we instead involvement of PLC itself, which is also activated by P2Y 1 R, by using the PLC inhibitor U73122. Incubation propagate robustly through the VZ in a calcium-free medium ( Figure 6C , center, n ϭ 9), indicating that they do with U73122 (5 M) attenuated the waves (U73122 amplitude: 59.2% Ϯ 19.3% of control, n ϭ 4). However, not require extracellular calcium. VZ waves are instead abolished under conditions that deplete internal calcium incubation of pertussis toxin (PTX), a potent inhibitor of the separate adenylate cyclase pathway, had no effect stores ( Figure 6C , right, n ϭ 10). These experiments demonstrate a dissociation between the mechanism for (PTX amplitude: 101.6% Ϯ 16.1% of control, n ϭ 3). These data indicate that the downstream signaling pathimmediate calcium increases near the electrode, which depend on external calcium, and the mechanism for the way required for wave propagation involves the G q -coupled metabotropic ATP receptor P2Y 1 , activation of PLC, VZ waves themselves, which instead require release of calcium from internal stores. Spontaneous waves also and release of calcium from IP 3 -mediated intracellular stores.
propagate freely in a calcium-free environment. Importantly, these results indicate that extracellular calcium Manipulating various calcium sources allowed us to dissect the mechanisms involved in the initiation of stimis not required for wave initiation or wave propagation. ulated VZ waves. During electrically or mechanically stimulated waves, we observed a rapid calcium increase Calcium Waves May Regulate Cell Cycle in the VZ in cells at the stimulation site, within the first frame captured following stimulation ( Figure 6C, left column, We demonstrate here that calcium waves propagate through cortical radial glial cells, which comprise the n ϭ 147). We found that this rapid calcium increase was dependent upon extracellular calcium, because no predominant population of proliferating progenitor cells in the embryonic VZ ( ( Figure 7A ). This suggested that those cells responsible for initiating spontaneous calcium waves may be part 0.0001, n ϭ 5 hemispheres), and this increased ATP of a dividing cell population and that the calcium waves sensitivity persisted until at least E19. Thus, the sensitivmay be initiated in a cell cycle-dependent manner.
ity of VZ cells to ATP appears to develop coincidentally To explore further whether calcium waves could be with the development of the calcium waves themselves. involved in VZ cell proliferation, we tested if the expresThis developmental profile of wave activity and ATP sion of the waves matched the developmental period sensitivity provides further evidence that the waves coof neurogenesis. The rat cerebral cortex forms progresincide with increasing levels of neuronal production in sively from around E12 until birth, with levels of neuronal the VZ (Takahashi et al., 1996) . In light of this evidence, production peaking at around E16 (Bayer and Altman, we tested directly whether the calcium waves could be 1991; Takahashi et al., 1996) . The VZ cell cycle does not involved in the regulation of VZ proliferation. stay fixed during this time; in fact, its length is known
We examined whether disruption of VZ calcium waves to increase throughout the neurogenic period due to an influences cell proliferation by culturing coronal slices increase in the length of G 1 (Takahashi et al., 1995) . . We next tested the dramatically after E18, thus complicating quantitative effect of ATP receptor antagonists on proliferation at wave analysis beyond that stage. We also found that E14, when VZ waves are small and infrequent. We found the frequency of spontaneous waves increased dramatino effect of suramin at this age ( Figure 7D , gray bars; cally from E13 (0.01 events/min/mm) to E16 (1.1 events/ 97.5% Ϯ 9.0% of control; n ϭ 6 hemispheres), arguing min/mm; blue bars, Figure 7B ). Comparative dye uptake that suramin's action at E16 is specific to the ATP-medistudies at E13 and E16 indicated that this change in ated calcium wave signaling pathway. Thus, one potenwave frequency may be due to an increase in connexin tial function of ATP-mediated calcium waves in the VZ hemichannel gating (Supplemental Figure S4 [http:// may be to provide a temporal and spatial framework in www.neuron.org/cgi/content/full/43/5/647/DC1]). The which ATP can exert its mitogenic effect. developmental profile of the calcium waves thus parallels increasing levels of neuronal production in the cortiDiscussion cal VZ (Takahashi et al., 1996) and places the VZ calcium waves in the right place at the right time to modulate We demonstrate here that spontaneous calcium waves VZ proliferation.
propagate through the proliferative zone of the embryWe next tested VZ cell sensitivity to ATP at different onic cortex. These waves are mediated by connexin ages to determine whether it parallels the developmental hemichannels, extracellular ATP, the metabotropic ATP profile of the calcium waves themselves. Indeed, at E14, receptor subtype P2Y 1 , and intracellular calcium release when waves are significantly reduced in size, the VZ from IP 3 -sensitive internal stores. Calcium waves spread was much less sensitive to ATP ( Figure 7B, red bars) . 
